Abstract
Introduction

37
Peak river flow and its forecasting are of considerable interest to flood control and 38 emergency service agencies, river recreationists, wildlife managers, hydropower plant operators (Andrews, 1993) .
49
Peak river flow in cold regions is commonly a result of snowmelt during the spring 50 break-up, or the subarctic nival regime (Church, 1974) . During the winter most of the 51 precipitation is in the form of snow, which accumulates in the basins until the spring breakup.
52
Depending on the temperature in the spring freshet, huge quantities of water from snowmelt can 53 be produced. Meltwater is unable to penetrate when the ground is frozen and runs off over the 
136
The data are provided in a spatial sampling of 1 degree grids in both latitude and longitude. The 137 land grid scale factor, as provided with the TWS data, was applied to recover signal loss due to 
147
The basin average T a was calculated from the Global Land Data Assimilation System Mackenzie River system. The station controls an area of 1,679,100 km² (> 90% of the basin).
161
The original Q is in m 3 s -1 and it was converted to water depth (mm) using the basin area. The snowfall from the climate station measurements is underestimated. This will be further discussed 178 using our GRACE-based estimates in Section 4.
179
The TWS of the basin has strong seasonal variations, with highest values around April leakage error for the GRACE TWS datasets is estimated at 9.9 mm, which is about 8.5 % of the 189 average seasonal variation of TWS.
190
River flow of the Mackenzie River is greatest in spring when snowmelt occurs (Fig. 2 ).
191
The peak flows for the study period observed at the station 10LC014 varied from a low of 24,200 although the total amount of rain was higher than the winter snowfall, the river discharge peaks 
Model Description
205
The model includes five major steps that are summarised below.
206
Step 1: Determining snow season and the total water storage change 207 This study only concerns the snow season, defined as the time period from the start (t 0 ) of 208 snow accumulation in late autumn to the snow breakup (t b ) in the next spring (Fig. 3) . The t 0 is 209 determined by the criteria of (1) the first precipitation event in late fall when daily average 210 temperature T a drops below 0°C and (2) the accumulated T a after this date remains negative. The 211 criteria are to ensure that precipitation is in the form of snow and to exclude temporary snowfalls 212 that are likely to melt in early winter. After this date, the net snow amount, i.e., snowfall minus 213 snow sublimation, is accumulated over the basin in winter during which the T a remains far below 214 0°C (Fig. 2) . The spring breakup time t b is determined by the criteria of (1) daily average water content left in the basin at time t b (Fig. 3 ).
225
Step 2: Modelling baseflow 226 In winter due to the frozen soil and snow cover, water infiltration and evaporation at the 227 soil surface is minimal. The decrease of non-snow water (W) in the basin, dW(t)/dt, is thus 228 mainly due to basin discharge or baseflow. In this study, the winter baseflow Q base is modelled 229 using a first order differential equation:
where a is a parameter representing the lump conductivity of the basin for water discharge, and b 232 is a parameter representing the threshold value of W at which the basin would have zero 233
discharge. This simplified model represents the basin water discharge as proportional to the 234 available water storage and lump basin conductivity for discharge.
235
With the above model and the initial condition of W(t 0 )=TWS 0 , the accumulated total 236 baseflow in winter, Q sum , can be determined by: 
(3)
242
Step 3: Determining snow water equivalent at spring break-up time 243 After Q sum (Eq. 2) is known, the snow water equivalent at t b , S b , can then be obtained as which is contributed by the difference of snowfall and snow sublimation in winter.
251
Step 4: Modelling snowmelt (M) and peak surface runoff (Q runoff )
252
The snowmelt is estimated by a temperature index model at a daily time step:
where M(t) and S(t) is the snowmelt and snow amount available on day t (Note S(t)=S(t-1)-M(t-255 1)), respectively,  is a base temperature for snowmelt and α is the snowmelt rate per unit of 256 temperature above . Equation (5) determines the actual snowmelt rate by both temperature and 257 snow availability on a given date. The time series of snowmelt is calculated using the initial (Fig. 3) and the daily T a time series. The parameter values for α and  were 259 solved using a nested numerical iteration scheme to find the best correlation between peak 260 snowmelt rate and the observed peak surface runoff. Observed peak surface runoff is calculated 261 as the difference between observed peak river flow and the corresponding baseflow obtained 262 using Equation (3). The model for estimating peak surface runoff, Q runoff , from peak snowmelt is 263 obtained after this numerical process is done.
264
Step 5: Modelling peak river flow 265 The modelled peak river flow is the sum of peak surface runoff and the corresponding 266 baseflow obtained above:
268
In summary, the model determines peak river flows by simulating its two components of 269 peak surface runoff from snowmelt and the corresponding baseflow from basin discharge. The 
Model Evaluation
276
The model results were compared to in situ Q observations and evaluated using mean 277 absolute error (MAE), the Pearson correlation coefficient (r) and t-test for significance levels (p),
278
as well as the Nash-Sutcliffe model efficiency coefficient (E). The E is commonly used to assess 
Results and Discussion
286
The model gives an average estimate for the start of snow cover of t 0 on October 14 and 
344
The model performance for estimating peak surface runoff Q runoff is shown in Table 2 (Fig. 5 ) and found that Q runoff showed little correlation with S b .
352
The result indicates that total snow amount at spring breakup has little impact on the Q runoff . As 
378
The identification of major drivers for peak surface runoff for different basins is of importance in 379 river flow modelling and flood forecasting.
380
The model performance for estimating peak river flow Q peak , based on the above results
381
for Q base and Q runoff , is shown in Table 3 and is E=0.51. Of the peak river flow, 15% is contributed by baseflow and 85% by surface runoff. As 387 such, the modelling accuracy in Q base plays a small role in the modelling accuracy of peak river 388 flows or flood forecasts. However, modelling accuracy for total winter baseflow (Q sum ) could be 389 of importance as Q sum directly affects the estimate of S b at spring break-up (Fig. 3) , which is the 390 case for the Red River basin. Compared to the dates for peak snowmelt, the dates for the peak 391 river flow observed at the station had a delay varying from 13 to 41 days among the 12 years 392 (Fig. 6 ). On average, the delay was ~22 days. The hysteresis indicates the average travel time for 393 the snowmelt water over the basin to reach the hydrometric station.
394
Hydrol smaller for the Mackenzie River basin. This is mainly due to the facts that for the Mackenzie
412
River basin (1) the error in GRACE TWS is small (see Section 2) due to its large area and (2) the 413 snow amount is much larger and the peak river flow is less sensitive to S b than the Red River 414 basin as discussed above.
415
The model showed a relatively lower correlation coefficient with observed peak flows for 416 the Mackenzie River than that for the Red River (Wang and Russell, 2016 ). This is not surprising 
426
Our model is a highly simplified representation of this complex system. In contrast, the river flow in the model needs to be further studied.
445
One drawback of our method is that it does not recognise the spatial variations of snow 
Summary
455
The peak river flow for the Mackenzie River is modelled in this study using GRACE 
